Flexible inorganic-organic silica aerogels based on methyltrimethoxysilane (MTMS, CH 3 Si(OCH 3 ) 3 ) can overcome the drawbacks of conventional silica aerogels by introducing high mechanical strength, elastic recovery and hydrophobicity to monolithic materials. In this work, MTMS is co-condensed with organofunctional alkoxysilanes RSi(OMe) 3 (R = vinyl, chloropropyl, mercaptopropyl, methacryloxypropyl, etc.) yielding aerogels that are not only flexible but also contain reactive functional groups. Sol-gel parameters, such as the MTMS/RSi(OMe) 3 ratio, have been systematically investigated in terms of gelation behavior, complete/incomplete incorporation of the functional organic groups (confirmed by FTIR-ATR and Raman spectroscopy) and flexibility of the resulting gel. Sterically more demanding functional moieties lead to macroscopic phase separation; however, this problem was overcome by the employment of surfactants. Functional aerogels dried by supercritical extraction with carbon dioxide showed promising results in uniaxial compression tests and had an elastic recovery up to 60%. Furthermore, the accessibility of the functional groups was demonstrated by simple reactions, e.g. conversion of the chloro into azido groups via a nucleophilic substitution reaction with NaN 3 followed by click reactions. † Electronic supplementary information (ESI) available: Additional data. See
Introduction
Conventional silica aerogels have a unique combination of properties, including high porosities (80-99.8%), high surface areas (100-1600 m 2 g −1 ), low bulk densities (0.003-0.5 g cm −3 ), low Young's modulus (0.002-100 MPa) and low dielectric constants (1-1.24). 1 However, their commercialized applications are still limited mainly due to their low mechanical strength. The filigree porous structure collapses easily even under small applied forces. In recent years numerous attempts have been made to improve the mechanical behavior of silica aerogels in terms of compression, bendability and the drying process. This can be achieved by aging the said aerogels in specific silane solutions, reinforcing the aerogels with fibers or by employing a polymer crosslinking approach. [2] [3] [4] [5] [6] Another promising way to improve the mechanical properties is to make aerogels hydrophobic by post-treatment with surface modification agents or by the hybridization of silica aerogels via a cocondensation approach of silicon alkoxides with organosilane precursors that contain hydrophobic groups. [7] [8] [9] [10] [11] Recently, different flexible organic-inorganic hybrid aerogels were made solely from a methyltrimethoxysilane (MTMS) or vinyltrimethoxysilane (VTMS) precursor. Rao et al. produced flexible as well as bendable, superhydrophobic and low-density gels, that were dried supercritically and had a reversible elastic compression of up to 60%. 12 Further studies by the group of Xu et al. showed that these gels can even be dried under ambient conditions by choosing the right conditions. 13 Kanamori et al. showed that by employing suitable surfactants, MTMS aerogels can be made transparent. 14 The group also reported an improved elastic recovery, where these aerogels can endure up to 80% of compression and then spring back to 95% of their original length. Shimizu et al. fabricated transparent polyvinylsilsesquioxane aerogels made from VTMS that show 100% resilience at 50% compression, achieved by a radical polymerization of the vinyl groups. 15 "Marshmallowlike" aerogels were produced by Hayase et al., by combining MTMS with dimethyldimethoxysilan (DMDMS) to yield aerogels and xerogels that show unusual flexibility and bendability with a reversible compression up to 80%. 16 One comment regarding the term aerogel at this point: a clear definition for an aerogel is somewhat lost with the manifold new compositions and properties. In some cases, the prepared gels show the well-known characteristic aerogel properties, such as an open-celled, mesoporous, solid network of interconnected nanostructures exhibiting porosities of no less than 50%, in others, the gel is meso/macroporous but dried supercritically which is a different definition for an aerogel based on the processing. In the course of this work, the term aerogel will be used even for a structure that exhibits pores larger than 50 nm.
The above mentioned gels all show interesting mechanical properties but lack chemical functionality. The methyl groups only render hydrophobicity to the system. Therefore, Hayase et al.
used vinyltrimethoxysilane and vinylmethyldimethoxysilane instead of MTMS/DMDMS to create superamphiphobic "marshmallow-like" monoliths which can float on the surface of water and oil alike. 17 The group of Xu reported flexible bridged silsesquioxane aerogels produced from a thiol-ene click reaction of mercaptopropyltrimethoxysilane and vinyltrimethoxysilane. The soft thioether segments result in materials that show a reversible compression of up to 50%. 18 Yun et al. fabricated other highly flexible bridged silsesquioxane aerogels, resulting from a click reaction of VTMS and 2,2′-(ethylenedioxy)diethanethiol (EDDET), which get their flexibility (they can bend 180°) from the soft C-S and C-O bonds. 19 Aravind et al. used a co-condensation reaction of MTMS and (2,3-epoxypropoxy) propyltrimethoxysilane, with the aid of a surfactant, to yield aerogels with impressive mechanical properties (reversible compression up to 70%). 20 Nevertheless, there have been few reports of silsesquioxane aerogels that combine flexibility or bendability with active functional groups on their surface after sol-gel processing. [21] [22] [23] So far and to the best of our knowledge, there is no study published on the variability and accessibility of these functionalities. Herein, we describe the first systematic investigation of the co-condensation approach of MTMS and further organofunctional alkoxysilanes RSi(OMe) 3 with reactive functional groups, e.g. R = vinyl, chloropropyl, mercaptopropyl, and methacryloxypropyltrimethoxysilane, aided by a two-step acidbase sol-gel process. The co-condensation approach avoids time and cost intensive multi-step grafting and post-treatment processes. Special emphasis will be placed on the successful gelation behavior of the different organosilanes, the accessibility of the functional organic moieties and the flexibility of the resulting gel.
Experimental

Materials
Methyltrimethoxysilane (98% purity, MTMS), (3-mercaptopropyl)trimethoxysilane (95% purity, MPTMS), hexadecyltrimethylammonium bromide (98% purity, CTAB), methanol (99.8%, MeOH) and tetrakis(acetonitrile)copper(I) hexafluorophosphate were acquired from Sigma Aldrich. Oxalic acid, vinyltrimethoxysilane (97% purity, VTMS), Ellman's reagent (5,5′-dithiobis-(2-nitrobenzoic acid) or DTNB) and sodium azide (NaN 3 ) were from Merck. (3-Chloropropyl)-trimethoxysilane (97% purity; CPTMS) and (3-methacryloxypropyl)trimethoxysilane (98% purity, MAPTMS) were purchased from ABCR. Propiolic acid (98%) was obtained from Acros Organics. Ammonium hydroxide (28% in H 2 O), sodium carbonate (Na 2 CO 3 ), potassium permanganate (KMnO 4 ), N,N-dimethylformamide (DMF), acetonitrile (ACN) and sodium azide were procured from VWR.
Synthetic procedures
Functional polyorganosilsesquioxane aerogels and xerogels were prepared via a co-condensation approach of methyl-trimethoxysilane (MTMS) and an organofunctional trialkoxysilane RSi(OMe) 3 with a reactive functional group, e.g. R = vinyl (VTMS), chloropropyl (CPTMS), mercaptopropyl (MPTMS) or methacryloxypropyl (MAPTMS). The number of hydrolysable silicon centers was kept at a constant value of 8.3 mmol, and an increasing molar% of MTMS (10%, 15% and 20%) was substituted by the organofunctional silane, RSi(OMe) 3 . The amount of hexadecyltrimethylammonium bromide (CTAB) was increased as needed to obtain aerogels without macroscopic phase separation. All other ratios were kept constant with 249.7 mmol (8.0 g) MeOH, 33.3 mmol (0.6 g) aqueous oxalic acid (0.01 M) and 33.3 mmol (0.6 g) ammonium hydroxide solution (10 M). The exact ratios and starting compositions of the employed silanes and CTAB are listed in Table 1 . The sols were prepared in a polystyrene container aided by a two-step acid-base approach similar to the one described by Rao et al., where first oxalic acid (0.01 M) is added under stirring to a mixture of methanol (MeOH), CTAB, MTMS and additional functional trialkoxysilane. 12 This mixture is then stirred at RT for 24 h, when ammonium hydroxide solution (10 M) is added dropwise over 30 min. The mixture is then placed in closed containers in a ventilated oven at 40°C for gelation. After gelation the gels are aged in a ventilated oven at 60°C for 2 days. For the removal of residual surfactants the whole monoliths were completely immersed in water and then soaked three times in methanol (double the volume of the monoliths) with at least 8 h in between the subsequent solvent exchange cycles. The obtained alcogels were dried supercritically with CO 2 at 45°C and in the pressure range between 80-90 bar, to yield aerogels.
The samples are labeled as follows: the letters correspond to the kind of functional group incorporated into the RSiO 1.5 matrix. The letter V stands for the vinyl group, CP for the chloropropyl group, MP for the mercaptopropyl group and MAP for the methacryloxypropyl group. The numbers correspond to the molar% of the portion of MTMS replaced by organotrialkoxysilanes (R = vinyl, chloropropyl, mercapto- propyl and methacryloxypropyl). For example, the sample CP10 was prepared with 10 molar% CPTMS and 90 molar% MTMS in which the molar% are related to the constant amount of hydrolysable silicon centers (8.3 mmol). The sample RS is a reference sample made only with MTMS and without CTAB.
Qualitative and quantitative determination of functional groups Vinyl/methacryl groups. 4 g of wet alcogels (RSiO 1.5 ; R is methyl, methacryloxypropyl and vinyl) were immersed in 40 mL of water. The pH of the mixture was then adjusted to 8-8.5 by the use of 1 wt% aqueous solution of sodium carbonate (Na 2 CO 3 ). 0.2 wt% potassium permanganate (KMnO 4 ) solution was added dropwise to the water/alcogel mixture. A methyl alcogel was used as a reference sample.
Chloro groups. The chloro groups of the chloropropyl modified aerogels were converted to azido groups via a nucleophilic substitution with sodium azide (NaN 3 ), followed by a Cu(I)catalyzed 1,3-dipolar cycloaddition with propiolic acid based on the work of Keppeler et al. 24 For the nucleophilic substitution reaction, whole wet monoliths were completely soaked for 4 days at 80°C in a saturated solution of NaN 3 in N,N-dimethylformamide (DMF). Afterwards they were completely immersed 5 times in water (within 24 h) and 5 times in ethanol (within 24 h). Thereafter, the gels were completely soaked for 7 days in a propiolic acid solution (0.5 M in acetonitrile), where tetrakis(acetonitrile)copper(I) hexafluorophosphate (0.5 mmol) was used as a catalyst for the click reaction. Subsequently, the gels were completely immersed in acetonitrile (3 times in 24 h), followed by ethanol (3 times in 24 h).
Mercapto groups. The mercapto groups of the mercaptopropyl modified aerogels can be determined quantitatively using the Ellman's assay. 25 In a typical experiment, 6 mg of the Ellman's reagent 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) are dissolved in 20 mL of a phosphate buffer solution (0.5 mol L −1 ; pH = 8). Additionally, 5 g of a wet mercaptopropyl-modified aerogel were immersed in 20 mL of the phosphate buffer solution and allowed to soak for 1 h. Afterwards both solutions were mixed together for UV-Vis spectroscopy characterization. For the spectroscopy, a calibration curve with different L-cysteine concentrations (0.020-0.793 μmol mL −1 ) was used as a basis and absorbance was recorded at 412 nm with the UV-Vis spectrometer.
Measurements SEM images were taken with a scanning electron microscope (Zeiss ULTRA Plus) operating at 2-5 kV with an in-lens detector. Nitrogen adsorption-desorption measurements were carried out at 77 K using a Micrometrics ASAP 2420. The specific surface area was calculated with the Brunauer, Emmett and Teller 5-point method in the relative pressure range of 0.05-0.3. 26 Prior to the measurement the samples were degassed in a vacuum for 12 h at 300°C. Thermogravimetric analyses (TGA) were conducted using a Netzsch STA 449C Jupiter. The samples were heated from room temperature to 1000°C with a heating rate of 10 K min −1 in air. Raman spectra of the samples were acquired on a Thermo DXR Raman microscope with a laser excitation at 532 nm. The measurements were performed in the wavenumber range from 100 cm −1 to 3500 cm −1 , with an exposure time of 20 s and up to 10 accumulations. FTIR-ATR spectra were taken using a Bruker Vertex 70 spectrometer with a 4 cm −1 resolution. The spectra were measured in the wavenumber range from 500 cm −1 to 4500 cm −1 . The bulk density (ρ b ) of the cylindrically shaped monoliths was calculated from their mass to volume ratio. The skeletal density (ρ s ) was measured on a Micromeritics AccuPyc II 1340. The porosity P was calculated using the equation P = [1 − ρ b /ρ s ]/100. A uniaxial compression instrument (Latzke ZDT Universal testing machine) with a 100 N load was used for determining the elasticity and Young's modulus of the cylindrical samples. Compression was performed up to 60% with a compression rate of 1 mm min −1 . The initial slope of the stress-strain curve was used to calculate the Young's Modulus (up to 20% of the strain). UV/Vis measurements were performed on a PerkinElmer Lambda 750 device. The absorbance of the Ellman's assay was recorded at 412 nm.
Results and discussion
With appropriate synthetic sol-gel parameters, trialkoxysilanes can create flexible open-porous silsesquioxane gel networks. The organic moieties R of the silanes are covalently attached to the silicon atom and do not take part in the hydrolysis and condensation reaction. These moieties are incorporated as dangling bonds into the final network and lead to a lower crosslinking density and higher deformability compared to tetraalkoxysilane-based systems. 27 Furthermore, steric and charge effects of trifunctional silanes with larger functional moieties (other than methyl, ethyl) severely hamper the successful condensation to form cross-linked monolithic networks. 28 Often condensation of organosilanes results in competitive cyclization reactions that lead to soluble polyhedral oligomers, amorphous oligomers and other cage or ladder like structures. 29 Monolithic silsesquioxane gels only form at extreme pH-values or by applying a two-step sol-gel process, with an acid-catalyzed hydrolysis followed by a base-catalyzed condensation. 30 Methylsilsesquioxane systems (CH 3 SiO 1.5 ) are the best investigated organosilane networks forming stable, flexible and superhydrophobic gels. Therefore, co-condensation of methyltrialkoxysilane with other functional organosilanes seems to be the rational approach towards functional and flexible silsesquioxane networks. Nevertheless, for applying a co-condensation approach there are a few things to consider: electronic and steric hindrances, different hydrolysis and condensation rates and control of the homogeneity are key issues when designing an experiment with different precursors. 31 Another factor to consider is the hydrophobicity of the sol-gel network that results from the methyl group of the MTMS. In this work, the co-condensation and gelation behavior of MTMS with further organosilanes is carefully monitored. The phase diagram in Fig. 1 illustrates the relationship between the starting compositions of the silanes and the gelation behavior of the MTMS-CPTMS system. The axis on the left hand shows the weight% of MTMS employed, whereas the axis on the right shows the weight% of CPTMS in the starting composition. The filled circles indicate for which compositions successful gelation took place and where stable monolithic systems were obtained. The half circles show unsuccessful gelation attempts, where macroscopic phase separation, or precipitation was encountered. It can be clearly seen that without the employment of CTAB, formation of monolithic systems only occurs for the MTMS system (without CPTMS). This is due to the aforementioned polarity difference of the applied organotrialkoxysilanes. The siloxane polymers become increasingly immiscible with polar solvents in the process of polycondensation, which in turn gives rise to heterogeneous networks, macroscopic phase separation, or precipitation. 32 This problem can be overcome by the employment of a suitable surfactant, e.g. the ionic surfactant CTAB. 33 CTAB makes the siloxane condensates hydrophilic via the weak interactions between the hydrophobic chains of the CTAB salt. The complex relationship between the silane starting composition and the surfactant can be seen in Fig. 1 . The axis at the bottom shows the increasing weight% of CTAB employed. By adjusting the molar ratios (see Table 1 ) between CTAB and silanes, uniform and flexible monolithic aerogels can be obtained and by increasing the molar percentage of trialkoxysilane (VTMS, CPTMS, MPTMS and MAPTMS) in comparison with MTMS, more surfactant (a minimum of 1.6 mmol) is needed to obtain homogeneous gelation and avoid macroscopic phase separation or precipitation. The compositions have to be adjusted independently for the different functional moieties investigated, but overall all functional groups showed similar trends. The gel times (Table 1) generally decrease with a decreasing amount of MTMS. The reference sample has the highest gelation time (5 h), while the samples with a molar ratio of MTMS : organosilane 8 : 2 have the lowest (≤2 h). This is due to the different hydrolysis and condensation rates and different polarities of the organotrialkoxysilanes. Normally, one would expect that the bulky organic group (which increases from methyl to methacryloxypropyl) has an inhibitory effect on the sol-gel polymerization. The group of Loy et al. conducted studies on the gelation times of different organotrialkoxysilanes (e.g. MTMS, VTMS and chloromethyltrimethoxysilane) and found that under certain pH conditions, the vinyl and chloromethyl groups showed faster gelation than the MTMS gels and with other pH values an opposite trend was observed. 29 The gelation time is therefore considerably affected by the pH, temperature, water content and the type of organic moiety used and the system becomes increasingly more complex with two different precursors, different polarities, hydrophobic moieties and the inclusion of surfactants. The linear shrinkage (Table 1 ) of the aerogels is relatively small compared to conventional silica aerogels due to the hydrophobic methyl groups and is similar to the reference sample made only with MTMS. The hydrophobic character reduces the interaction of the solvent (alcohol) to the aerogel surface and decreases interfacial energies and capillary stresses. 34 
Influence of chemical functionalization on micro-, macrostructure and mechanical properties
The properties of the CTAB optimized aerogels (supercritically dried) are listed in Table 2 . This list only includes monolithic aerogels that showed the best mechanical properties in terms of flexibility. All displayed gels show low bulk densities between 0.04 g cm −3 and 0.06 g cm −3 and high porosities between 95% and 97%. These values are comparable with the MTMS based monolithic reference sample and of aerogels syn- Fig. 1 Relationship between starting compositions (in weight%) and successful gelation behavior. The filled circles represent successful gelation and the half circles stand for macroscopic phase separation/ precipitation. thesized by the group of Rao showing densities of 0.037 g cm −3 and porosities of 98%. 35 SEM pictures of the samples display a globular aggregated cluster structure (Fig. 2) . All investigated systems show the presence of large empty voids (at the micrometer scale) in the network, which are responsible for the opaque appearance of the monoliths. The large voids result from the strong dilution of the silanes in methanol (silane : MeOH molar ratio of 1 : 30), since higher precursor concentrations lead to denser aerogels. Another factor to consider is the presence of the organic dangling bonds (methyl, vinyl, chloropropyl, mercaptopropyl, and methacryloxypropyl) that decrease the crosslinking density of the aerogels. These rather large voids act as shock absorbers and are one of the main reasons why the aerogels exhibit flexible behavior. 12 Increasing the molar% of trialkoxysilane (VTMS, CPTMS, MPTMS and MAPTMS) and decreasing the molar% of MTMS change the microstructure significantly. The size of the network forming particles and pores increases from nanosized particles to globular micrometer-sized particles, with a more spherical character and smoother surface. On comparing the morphological changes with the BET specific surface areas in Table 2 , one can observe that with an increasing amount of functional groups the specific surface areas decrease significantly. Aerogels with a molar ratio of MTMS : organosilane of 9 : 1 have surface areas >300 m 2 g −1 .
These values are comparable with the surface area of the reference sample and MTMS xerogels synthesized according to Xu et al., that have values between 300 and 400 m 2 g −1 . 36 Aerogels with a molar ratio of MTMS : organosilane of 8 : 2 have much lower values <25 m 2 g −1 .
The only exceptions are VTMS-modified aerogels, probably due to the comparable molar mass and polarity of the vinyl moieties and the methyl groups. The adsorption-desorption isotherms (see the ESI †) show that the aerogels have larger pores, but experience a loss of the mesoporous character and of the adsorbed volume in comparison with the reference sample with increasing degree of organic functionalization. All samples generally show features of type IV isotherms, with a narrow H3 hysteresis loop, according to IUPAC classification. [37] [38] [39] H3 hysteresis loops indicate the presence of slit-shaped mesopores. On the other hand, it was reported in the literature that during BET analysis the network of highly flexible and soft aerogels is significantly compressed. Therefore nitrogen cannot penetrate into the compressed pores leading to lower specific surface areas and pore volumes. [39] [40] [41] An indicator for this phenomenon is the open hysteresis loops for samples with higher loadings of functional organic moieties (over 10 molar%). If the slit-like pores are compressed during the course of the nitrogen sorption measurement, nitrogen cannot escape from the pores. To gain more insight if the decrease in the surface area and the loss of the mesoporous character are related to the measurement setup and the softness of the samples further studies have to be conducted.
A photograph of a chloropropyl-modified sample undergoing compression and the corresponding stress and strain curves (see Fig. 3a Table 2 show this reversible compression behavior between 50 and 60%.
The stress and strain curves and the calculated Young's modulus ( Table 2) indicate that the samples become softer with an increasing molar percentage of the organofunctional silanes. Sample CP10 has a Young's Modulus of 9.6 kPa, whereas sample CP20 has a lower value of 4.7 kPa. The highest 35, 42 This reveals that functionalization with sterically more demanding moieties creates softer and more open porous networks resulting from hindered condensation processes and weaker particle connectivity.
Determination of the functional groups
The presence of the functional groups was confirmed by Raman spectroscopy (see Fig. 4 ). The silica fingerprint region of all samples is located in the range between 1250 and 700 cm −1 , where the bands between 1000 and 1250 cm −1 can be assigned to Si-O-Si bonds. Raman bands at 791 cm −1 correspond to the symmetric mode of the Si-O-Si vibration and the band at 472 cm −1 is associated with the siloxane ring breathing mode. Moreover, bands attributed to the symmetric and antisymmetric stretching of the methyl group (-CH 3 ) can be identified at 2979 and 2916 cm −1 , respectively. The Raman spectrum of aerogels containing vinyl groups is shown in Fig. 4a . For this sample it was possible to identify four bands corresponding to the vinyl group. The band at 3072 cm −1 , the stretching vibration at 1603 cm −1 and the bending vibration at 1412 cm −1 and 1278 cm −1 are attributed to a carbon double bond (CvC). The case of the chloropropyl-modified sample is shown in Fig. 4b . Bands at 1445 and 1412 cm −1 are attributed to the angular deformations of the H-C-Cl group and the bands at 646 cm −1 correspond to the C-Cl bond. In Fig. 4c the Raman spectrum of the aerogel containing mercaptopropyl groups is displayed. A well-defined band is detected at 2574 cm −1 , which corresponds to the stretching vibration of the S-H bond. Other bands were observed at 1260 cm −1 for the vibration of the S-CH 2 group and at 651 cm −1 for the stretching vibration of the C-S bond. Finally Fig. 4d shows the spectrum of a methacryloxypropyl modified sample. The band at 1720 cm −1 is attributed to the CvO double bond and the vibration of the CvC double bond can be found at 1640 cm −1 and at 3072 cm −1 . 43 The thermal stability of the organic units of the organicinorganic hybrid aerogel samples was analyzed by thermogravimetric analyses (see Fig. 5 ). There is only a negligible weight loss up to 200°C, which can be attributed to the hydrophobic character of the samples. The next weight loss step corresponds to the oxidation of the organic groups. The functional moieties (vinyl, chloropropyl, methacryloxypropyl and mercaptopropyl) start to decompose above 250-260°C. The weight loss between 450-460°C is associated with the degradation of the methyl groups and condensation reactions of residual silanols and alkoxides. Overall decomposition is complete at 700°C. The final weight loss correlates very well with the molar ratios of the precursors and the molar mass of the respective organic moiety, which is indicated by the negligible difference between the theoretical and actual weight loss (see Table 3 ). The actual weight loss is often higher than the calculated one, indicating that the surfactant has not been completely removed by the given washing process. The amount of functional groups (mmol g −1 ) that are incorporated into the silica network can also be quantitatively determined by thermogravimetric analyses using the following formula (1):
where W 200-1000 is the weight loss from 200 to 1000°C, R is the molar ratio of organosilane/MTMS used and M is the molar mass of the degradable part (other than the methyl group) of the aerogel. The surface loading increases with an increasing molar percentage of the functional silanes. Moreover, the extent of surface modification becomes lower as the molar mass of the degradable part of the molecule becomes larger.
Functional group accessibility
Aerogels that are functional and flexible have manifold potential applications, such as an absorbent, sensor or catalytic (support) materials, due to their high surface areas and the possibilities given by the functional moiety, e.g. affinity to bind specific molecules, etc. The mercapto moiety is a prime example of a functional group that can bind heavy metals and such aerogels are therefore of high interest in water purification applications. 44 The functional group density as well as their accessibility is a key factor for the applicability. Fig. 6 shows some examples that indicate the successful accessibility of the functional groups within the synthesized aerogels. In Fig. 6a it can be seen that the double bond of the vinyl and methacryl groups (of the V20 and MAP20 aerogels) successfully reacts in redox reactions with potassium permanganate, by turning the purple permanganate solution to a yellow-brownish color forming manganese(IV) oxide and a diol. The solution remained purple for the methyl group containing reference sample. The photographs in Fig. 6b depict a chloropropylmodified monolith (CP20) before (left) and after (right) nucleophilic substitution followed by a click reaction. First, the CP20 monolith was reacted with sodium azide to yield azido functionalized gels as confirmed by ATR FT-IR spectroscopy (see the ESI †), with a new band appearing at 2100 cm −1 that is attributed to the stretching vibration of the double bond of the azido group. 24 Second, the nucleophilic substitution was followed by a copper(I) catalyzed click reaction with propiolic acid. The successful click reaction step was confirmed by the disappearance of the characteristic azido band (see the FT-IR spectrum in the ESI †) and by a color change of the monolith to blue (see Fig. 6b /vi). Mercapto groups are qualitatively determined by using Ellman's reaction which is commonly used for the determination of thiol group contents in protein samples. 45 Fig. 6c shows a mercapto modified monolith in methanol (left hand side) and in an Ellman's reactant/buffer solution (right hand side), where the conversion to the yellow product (the TNB 2− ion) of the Ellman's reactant is clearly evident. This reaction also allows for a quantitative determination of the thiol groups in the system by simple UV/vis spectroscopy, thus, being a direct indicator for the accessibility of the (-SH) group towards other reagents. Results of the Ellman's assay are displayed in Table 4 . Interestingly, the accessibility of the functional (-SH) groups decreases with the increasing theoretical mercapto content (from MP10 with 4% to MP20 with 0.2%) of the samples. This can be explained by taking the decreasing specific surface areas into account. The sample MP10 has a much higher surface area than the MP20 sample and has therefore more accessible functional groups available for the reaction with the Ellman's reactant. The generally low accessibility (∼4%) of the MP10 sample results from the hydrophobic character of the gels. The assay is conducted in an aqueous medium and the reactant solution cannot fully penetrate the monoliths. It is suspected that the accessibility is much higher in nonpolar solvents and will be investigated more thoroughly in future research.
Conclusions
Organofunctional monolithic aerogels with relatively large functional moieties (such as vinyl, mercaptopropyl, chloropropyl and methacryloxypropyl) could be synthesized via a onepot co-condensation approach with the aid of a surfactant. All presented functional gels showed an excellent elastic compression behavior up to 60% and had accessible functional groups. The co-condensation with MTMS proved to be fruitful, since it gave the aerogels additional hydrophobic character that aided the drying and handling processes of the aerogels. The results illustrate that the bulk density, linear shrinkage and the porosity of the aerogels remain similar with increasing size of the functional moieties. On the other hand the specific surface area and the accessibility of the functional group decrease with further modification of the gel system. The ratio of MTMS : organofunctional silane should therefore be kept above 8.5 : 1.5, otherwise the aerogels will lose a part of their interesting characteristics and will get too soft for further handling. The redox, nucleophilic substitution and click reactions illustrate the suitability of the monolithic systems for further chemical modifications. Future applications including absorbent materials in non-polar solvents or mechanoresponsive materials will be further investigated. 
